Severe fever with thrombocytopenia syndrome (SFTS) is a tick-borne viral disease. The SFTS virus (SFTSV) has been detected in the Haemaphysalis longicornis, which acts as a transmission host between animals and humans. SFTSV was first confirmed in China in 2009 and has also been circulating in Japan and South Korea. However, it is not known if a genetic connection exists between the viruses in these regions and, if so, how SFTSV is transmitted across China, South Korea, and Japan. We therefore hypothesize that the SFTSV in South Korea share common phylogenetic origins with samples from China and Japan. Further, we postulate that migratory birds, well-known carriers of the tick H. longicornis, are a potential source of SFTSV transmission across countries. Our phylogenetic analysis results show that the SFTSV isolates in South Korea were similar to isolates from Japan and China. We connect this with previous work showing that SFTSV-infected H. longicornis were found in China, South Korea, and Japan. In addition, H. longicornis were found on migratory birds. The migratory bird routes and the distribution of H. longicornis are concurrent with the occurrence of SFTSV. Therefore, we suggest that migratory birds play an important role in dispersing H. longicornis-borne SFTSV.
INTRODUCTION
Severe fever with thrombocytopenia syndrome virus (SFTSV) is a tick-borne hemorrhagic fever virus of the genus Phlebovirus and family Bunyaviridae. SFTSV is an enveloped and trisegmented (large [L], middle [M] , and small [S]) negativestrand RNA virus. Phleboviruses have a broad geographic range and have been found in sand flies, mosquitoes, and ticks in the Americas, Asia, Africa, and Mediterranean region for many years. 1, 2 In 2012, another tick-borne Phlebovirus virus, the Heartland virus, was identified in northwestern Missouri in the United States. 3 The major clinical symptoms of SFTS are acute and high fever (temperatures of 38°C or more), thrombocytopenia (platelet count < 100,000/mm 3 ), leucopenia, elevated levels of serum hepatic enzymes, and multiorgan dysfunction. 1, 4, 5 More recently, SFTSV has spread to eastern Asia. SFTSV was first reported in China in 2009 and became the first tickborne Phlebovirus isolated in rural areas of Hubei and Henan provinces in central China (Figure 1 ). 1 However, the etiology was not confirmed until 2011 following virus isolation. 1 SFTS has been reported in at least 13 provinces in the central, eastern, and northeastern regions of China. Most patients are farmers living in wooded, hilly, or mountainous areas. 1, 4 In 2013, SFTS was also reported and confirmed in South Korea and in western regions of Japan. [6] [7] [8] [9] In China, SFTSV has an approximate case fatality rate of 12%. Retrospective analysis of cases in Japan show an even higher average case fatality rate, with four deaths out of eight confirmed cases. 7, 8 Additional suspected cases still need to be confirmed. In 2013, South Korea reported 36 SFTS cases with 17 fatalities, a 47.2% case fatality rate. 9 Channels for SFTSV transition remains an important yet open question. SFTSV RNA has been detected in the ixodid tick Haemaphysalis longicornis, impacting both animals and human patients. 1, 4 As a consequence, H. longicornis has been identified as a vector of SFTSV. 1, [4] [5] [6] Migratory birds are regular hosts of H. longicornis and this tick species is widely distributed in the Asia-Pacific region. In addition, the tick distribution matches the bird migration flyways between China, South Korea, and Japan. 1, 4, [10] [11] [12] [13] [14] [15] [16] This also coincides with the occurrence of SFTS, suggesting that migratory birds may play a role in the dissemination of SFTSV bearing H. longicornis.
Given this information, we conducted a phylogenetic analysis of SFTSV isolated from human patients in South Korea. We compared the results with known samples from Japan and China to analyze the connection between SFTSV across northeastern Asia. We also conducted a meta-analysis of literature on the role of H. longicornis and migratory birds in the spread and geographic expansion of SFTSV. We found a clear phylogenetic connection between our SFTSV samples from South Korea and those from Japan and China. We also found strong suggestive evidence that migratory birds are a key connection in the spread of tick-containing SFTSV.
MATERIALS AND METHODS

SFTS patients.
A total of 17 SFTS cases were laboratory confirmed in this study ( Table 1) confirmed case was from Kangwon National University Hospital in Chuncheon (the northern end of South Korea) in 2013, one confirmed case was from Keimyung University Dongsan Medical Center in Daegu (the central part of South Korea) in 2013, and one confirmed case was from Patima Medical Center in Daegu (the southern end of South Korea) in 2013. All patients had no history of travel to China or Japan. Of the patients, 14 were farmers living in wooded, hilly areas and three made visits to similarly wooded, hilly, or mountainous areas before the onset of symptoms. This study was approved by institutional review board of Jeju National University Hospital and all subjects signed an informed consent form.
RNA extraction. Viral RNA was extracted from the serum of 17 SFTS patients using QlAamp Viral RNA Mini kit (Qiagen Inc., Mainz, Germany) according to the manufacturer's instructions. The extracted RNA was preserved in the elution buffer at −70°C until introduction into a reverse transcriptase polymerase chain reaction (RT-PCR) assay.
Real-time RT-PCR. Real-time RT-PCR of partial S and L segments was performed for molecular diagnosis of SFTSV. 17, 18 The two sets of primers used were forward primer (5′-ACCTCTTTGACCCTGAGTTWGACA-3′) and reverse primer (5′-CTGAAGGAGACAGGTGGAGATGA-3′) for the partial S segments 17 and forward primer (5′-AGTC TAGGTCATCTGATCCGTTYAG-3′) and reverse primer (5′-TGTAACTTCGCCCTTTGTCCAT-3′) for the partial L segments. 18 The real-time RT-PCR mixture contained 8 μL one-step RT-PCR premix (Thermo Scientific, made in EU), 7 μL detection solution, and 5 μL RNA template in a total volume of 20 μL. PCR was performed under the following conditions: 30 minutes at 45°C, 10 minutes at 90°C, and 45 cycles of 15 seconds at 95°C and 30 seconds at 48°C.
Reverse transcriptase polymerase chain reaction. RT-PCR of complete S segments, which is highly conserved in the Bunyaviridae, was performed for phylogenetic analysis. The set of primers used were forward primer (5′-ACACAAAG AACCCCCAAAAA-3′) and reverse primer (5′-CAGGCT CAAGCTGGTGAAGA-3′) for the complete S segments. The RT-PCR mixture contained 8 μL one-step RT-PCR premix, 7 μL detection solution, and 5 μL RNA template in a total volume of 20 μL. PCR was performed under the following conditions: 30 minutes at 45°C, 10 minutes at 90°C, and 45 cycles of 15 seconds at 95°C and 30 seconds at 48°C.
Sequencing of complete S segments of SFTSV. For the complete S segments, RT-PCR products of the complete S segment (1,746 bp) were electrophoresed on a 1.2% agarose gel and purified using a QIAEX II gel extraction kit (Qiagen Inc.) according to the manufacturer's instructions. They were then sequenced using a BigDye Terminator Cycle Sequencing Kit (PerkinElmer Applied Biosystems, Warrington, United Kingdom).
Phylogenetic analysis of complete S segments of SFTSV. The complete sequences of S segments were aligned using the multiple-alignment algorithm in the MegAlign program (Windows version 3.12e; DNASTAR, Madison, WI) and the ClustalX program. 19 On the basis of the aligned sequences, phylogenetic analyses were conducted in MEGA6 and phylogenetic trees were constructed by the maximum likelihood method. 20 The bootstrap consensus tree inferred from 1,000 replicates was used to represent the evolutionary history of the taxa analyzed. 20 
RESULTS
Molecular diagnostic and phylogenetic analysis of SFTSV. The partial S and L segments and complete S segment of SFTSV were confirmed from 17 SFTS patients by real-time RT-PCR and RT-PCR, respectively. 17, 18 Following dideoxy sequencing of these fragments, we undertook a phylogenetic analysis of the complete S sequences (1,746 bp), which is highly conserved in the Bunyaviridae. The resulting phylogenetic tree of the S segment shows that the isolates were similar to isolates from China and Japan and were separated into three groups based on the root (the A1 group included Jeju Island, South Korea, an isolate from Japan, and two isolates from China; the A2 group included China; and the A3 group included South Korea and Japan) ( Figure 2 ). 6 The relationship between H. longicornis and migratory birds. We conducted a meta-analysis of literature on the role of H. longicornis and migratory birds in the spread and geographic expansion of SFTSV. Previous work has found the ixodid tick H. longicornis, a vector of SFTSV, were found on four wild fowl: Zoothera aurea, Turdus hortulorum, Halcyon coromanda, and Pitta nympha. 15 These migratory birds are known to breed and migrate between China, South Korea, and Japan (Figures 1 and 3) . 8, 10, 12, 14, 15 Another previous study detected tick-borne encephalitis virus (TBEV) in the H. longicornis collected from various habitats on Jeju Island (including wetland habitats for migratory birds) before SFTSV was first reported in Korea in 2013. 14 
DISCUSSION
Comparing our results with an SFTSV phylogenetic tree, we found that SFTSV from South Korea is genetically similar to observations from China and Japan. 6 Since we found evidence that SFTSV strains have been circulating between China, South Korea, and Japan, the question remains as to how ticks carrying SFTSV can move overseas, especially across water bodies including the East China Sea, Yellow Sea, and Sea of Korea (Figure 2 ). 6 We now review and connect existing evidence surrounding virus transmission to ticks and migratory birds. There is strong evidence that SFTSV is transmitted, at least in part, by the H. longicornis tick and moved over long distances through migratory birds, and we support this hypothesis through a meta-analysis of the literature. 8, 10, 12, 14, 15 H. longicornis is a vector of SFTSV, and regular hosts of H. longicornis include mammals such as goats, cattle, sheep, yak, donkeys, pigs, deer, cats, rats, mice, hedgehogs, weasels, brushtail possums, chickens, and humans, along with some birds. This tick is widely distributed in the Asia-Pacific region, including China, Korea, Japan, Australia, the Pacific Islands, and New Zealand. 1, 4 SFTSV-infected H. longicornis have been found in China, South Korea, and Japan. 1, 4, 7, 9 It is known that birds can act as long-distance carriers for ticks and are important in disseminating disease. [21] [22] [23] [24] Migratory bird routes cross China, South Korea, and Japan via the East Asia/Australasia Flyway, which extends from Arctic Russia and North America to the southern limits of Australia and New Zealand and encompasses large parts of east Asia ( Figure 3B ). 12 Bird species using the East Asia/Australasia Flyway route include Z. aurea, T. hortulorum, Halcyon coromanda, and P. nympha ( Figure 3A ). 10 Therefore, these migratory birds, which breed in and migrate through China, Korea, and Japan, have the potential to disperse H. longicornis-borne SFTSV in these countries ( Figure 3A) . 10, 12 Previous work has found H. longicornis ticks on the Z. aurea, T. hortulorum, Halcyon coromanda, and P. nympha bird species in South Korea. 15 On Jeju Island, Choi and others collected and examined migratory birds for ticks and showed that the larva of H. longicornis were found on Z. aurea, T. hortulorum, Halcyon coromanda, and P. nympha. 15 H. longicornis is also the most dominant and widely distributed tick species on Jeju Island, and it has also been reported to harbor the SFTSV. In addition, TBEV was detected in the H. longicornis before SFTSV was first reported in Korea 2013. 6, 14, 15 Therefore, we infer that SFTSV can also exist in H. longicornis collected from migratory birds based on these previous works. 14, 15 Jeju Island lies at the center of the East Asia/Australasia Flyway in east Asia and is home to one of the largest populations of migratory birds on the Korean Peninsula (Figures 1 and 3A, B) . 11, 12, 14, 15 The H. longicornis distribution matches with bird migration patterns between China, South Korea, and Japan (Figures 1 and 3A) . [10] [11] [12] In South Korea in 2013, 36 cases of SFTS were reported including 17 fatalities, with 10 of the 36 cases on Jeju Island, which is a high-prevalence region (Figure 1 ). 9 On the basis of these concurrent geographic ranges, we suggest that migratory birds potentially disseminate SFTSV-carrying H. longicornis between China, South Korea, and Japan. (Figures 1 and 3A, B) . 14, 15, [21] [22] [23] [24] This transmission mechanism is not unique to SFTSV. Migratory birds have long acted as long-distance carriers of ticks containing various human pathogens. [21] [22] [23] [24] Several studies have shown that migratory birds play a major role in the dispersal of Crimean-Congo hemorrhagic fever virus (CCHFV). [21] [22] [23] [24] CCHFV-carrying ticks belonging to the Hyalomma marginatum complex, also known as the Mediterranean Hyalomma, are common in large parts of the African and Eurasian continents. [21] [22] [23] [24] Hyalomma marginatum is found widely across northern Africa and Middle East where there are reports of CCHFV from Algeria, Armenia, Azerbaijan, Egypt, Ethiopia, Georgia, Iran, Iraq, Israel, Morocco, Sudan, Syria, Tunisia, and Turkey. 24 CCHFV is also present in ticks in southern and eastern Europe, including Albania, Bosnia and Herzegovina, Bulgaria, Croatia, Cyprus, France, Greece, Italy, Kosovo, Macedonia, Moldova, Montenegro, Portugal, Romania, Russia, Serbia, Spain, and the Ukraine. 24 Recently, Tian and others showed that movement of the highly pathogenic avian influenza virus H5N1 is closely associated with known bird migration routes in Asia. 25 Thus, there is a very good evidence that migratory birds play an important role in the dissemination of the main tick vector of CCHFV and spread of H5N1. [21] [22] [23] [24] [25] Evidence that migratory birds may play a role in the distribution of CCHFV in Europe and spread of H5N1 in Asia point to the expectation that SFTSV will have a similarly wide range. Adults, nymphs, and larvae of H. longicornis were found on Z. aurea, T. hortulorum, Halcyon coromanda, and P. nympha in South Korea. These birds are known to breed in and migrate between China, Korea, and Japan (Figures 1 and 3A) . SFTSV also has been detected in these ticks in South Korea. 8,10-16 10 East Asia/Australasia is depicted by the red dotted line (B). 12 In conclusion, SFTSV samples from humans in South Korea show a clear phylogenetic link with SFTSV samples in Japan and China. We suggest that SFTSV-carrying H. longicornis ticks are likely transported across eastern Asia through bird migration. Alternative pathways for example, land-bound mammals and infected humans traveling internationally are implausible because land-bound mammals cannot move overseas and 17 patients had no history of travel to China or Japan before the onset. We suspect that the wild fowl Z. aurea, T. hortulorum, Halcyon coromanda, and P. nympha play a major part in this dispersal (Figures 1 and 3A, B) . [10] [11] [12] 14 We conducted a meta-analysis of literature on the role of H. longicornis and migratory birds in the spread and geographic expansion of SFTSV. 8, [10] [11] [12] 14, 15 Further research such as detection and isolation of SFTSV in H. longicornis collected from migratory birds and serological surveillance for SFTSV in migratory birds is needed to elucidate the interaction between migratory birds and ticks to better understand the ecological transmission dynamics and geographic distribution of SFTSV. 1, 4 
